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EXPERIMENTAL PROCEDURES
Bacterial Strains, Plasmids, and Growth Conditions -Escherichia coli K12 strains and plasmids used in this study are shown in Table I . Strains were routinely grown at 37°C in LB broth (per liter: 10 g tryptone, 5 g yeast extract, 5 g NaCl).
General Molecular Biology Manipulations -Preparation of genomic and plasmid DNA and purification of PCR products and of DNA fragments from agarose gels were carried out with Qiagen products: QIAamp Tissue kit, QIAprep spin Miniprep kit, QIAquick PCR purification kit and Qiaquick gel extraction kit, respectively, following the manufacturer's instructions.
Restriction enzyme digestions followed standard procedures (19) . PCR amplification utilized either Taq polymerase (Gibco BRL -Life Technologies) or TripleMaster Polymerase Mix (proofreading) (Eppendorf) in a GeneAmp® PCR System 9700 thermocycler (PE Applied Biosystems, Perkin Elmer). Oligonucleotide synthesis and DNA sequencing were performed by the Tufts University Core Facility.
RNA Preparation and Northern Analysis -Total RNA was extracted from cells using the Qiagen RNAeasy kit. Two micrograms of RNA were fractionated by electrophoresis in a denaturing formaldehyde agarose gel, which was then blotted onto a Hybond-N (Amersham) membrane. RNA was visualized by both ethidium bromide staining of the gel and by methylene blue staining of the membrane. purA or hdeA probes were amplified by PCR using AG100 chromosomal DNA as template. For purA, a ~1270 bp region was amplified using the primer pair F2//P-Rev (GAAAACGATTGGCTGAAC//AAGGTGGATTCAGACCAG). For hdeA, a ~396 bp region was amplified using the primer pair HdeA1//HdeA2 6 (TTGATTCGTGACGGCTCT//ATGCAAGGAAGTACGATGT). Hybridization of membranebound RNA to the purA or hdeA probes was performed as described previously (4) .
PCR Amplification of Promoter Regions Used in Transcription in
Vitro -The promoter region of the nfnB-luciferase fusion in pSP-nfnB1 was amplified with the primer pair NFN-F1//lucR (CCCGGTACCCTTCGCGATCTGTCAACG//CTTCCAGCGGATAGAATGG), producing a 261 bp product with a 105 nt transcript (20). All other PCR products were generated using AG100 chromosomal DNA. The wild type 225 bp purA promoter-containing template was amplified using primer pair purApF//purApR (GGAAAACGATTGGCTGAAC//CGTTCAGTCAGAAGATCG). PCR products containing mutated purA marboxes were made using reverse primer purApR together with a mutated forward primer. The 5' end of a mutated forward primer corresponded to the 5' end of the PCR product shown in Fig. 5 ; its arbitrary 3' terminus was either …AACTCTG-3' (for D2F and D3F) or …GAAAAGC-3' (for all others). All purA templates yielded a transcript of 105 nt. For hdeA, a 193 bp PCR product of the promoter region was amplified using the primer pair HdeA1a//HdeA2a (TCTGATGCATCTGTAACTCA//GAAGCAGACCACCAAGAATA).
Mutant PCR products were made with the reverse primer HdeA2a together with primers beginning at the 5' end shown in Fig. 6 . All hdeA transcripts were 94 nt long. The 167 bp gnd promoter-containing PCR product used the primers GNDF//GNDR (TCGCAACTTTGATCGAAT//TACATACTCCTGTCAGGT); the transcript was 55 nt long.
All PCR products were gel-purified before being used in the transcription reactions in vitro. Identification of Putative Marboxes -Putative marboxes were identified using the "search (Table 1 ). In the same experiment we also examined the expression of hdeA, which had been observed in another macroarray study to be repressed upon MarA induction in cells (5).
After 1 hr induction of MarA by IPTG, a decline was seen in the levels of transcripts of purA (Fig.1A) and hdeA (Fig. 1B) . Typically the decrease at 1 mM IPTG was ~ 3 fold for purA and 6 -25 fold for hdeA, with less IPTG required for hdeA. Each of the two bands in Fig. 1B probably includes both genes of the hdeAB operon (23, 37); therefore hdeB was probably also repressed.
No decrease was seen in cells bearing the vector control (pJPBH) (Fig. 1A & 1B) . These results
show that the decrease in purA and hdeA expression was caused, directly or indirectly, by transiently synthesized MarA rather than by a stress reaction due to constitutively overabundant (bp -42 to -61; only 12/20 consensus bp), but did bind to marboxes 1 and 2. The affinity for marbox 2 (K d < 100 nM) was greater than that for marbox 1 (K d > 400 nM) (Fig. 3A) , suggesting that marbox 2 was preferred.
It was not straightforward to further distinguish the relative importance of marboxes 1 and 2
since they overlapped at 17 of their 20 bp (see Fig. 5 ). We therefore took advantage of the two highly conserved marbox "recognition elements", RE1 and RE2, of 4 bp each which are We found that MarA still bound to mutated purA marbox 1, but did not bind to mutated marbox 2 ( Fig. 3B ). This result confirmed the importance of marbox 2.
In the case of hdeA, there were six consensus marboxes ( Fig. 4 ; see Experimental procedures for criteria). However, EMSA experiments were not conclusive since a shift in mobility was seen for only a very small fraction of hdeA promoter DNA, even with MarA at 750 nM. For purA, changing 3 bp in RE2 of marbox 2 did not prevent repression (Fig. 5, MB2 .2F), nor did deletions of 7 or 14 bp in marboxes 1 and 2 ( Fig. 5, purD2F , purD3F, DelF). Truncation of the final 6 bp of marbox 2 decreased but did not eliminate repression (Fig. 5, purApF2 ). The unexpected repression still seen in spite of marbox deletions and truncation is discussed below.
Nevertheless, repression was clearly prevented by the alteration of all 4 bp of RE1 in marbox 2 (Fig. 5, MB2 .1F), while no effect was seen for mutations in RE1 of marbox 1 (Fig. 5, MB1 .1F, mut1F). These latter results again pointed to marbox 2, and not marbox 1, as critical for repression of purA.
For hdeA, a template missing marbox 1, the last 13 bp of marbox 6, and the last 6 bp of marbox 5 still showed repression (Fig. 6, MB5 .5), as did a template missing all of marbox 5 (and consequently the last 2 bp of marbox 3) (Fig. 6, ∆MB5 ). It appeared therefore that marboxes 1, 5 and 6 were not needed for repression. Not surprisingly, mutations of the last two bp of marbox 3
did not block repression (Fig. 6, MB3a) . However, alteration of all 4 bp of RE2 of marbox 3 did 
DISCUSSION
Using transcription analysis in vitro we have demonstrated that purified MarA protein was sufficient to downregulate expression of purA and hdeA via the promoter region of these genes.
How the same protein is able both to activate and to repress transcription probably relates to the identity and location of DNA sequence motifs that are recognized by MarA. For our studies here, we presumed that marboxes within the promoter region would be involved. By a combination of EMSA and transcription experiments in vitro using wild type and mutant marboxes, we found that the marbox most likely to contribute to repression of both purA and hdeA overlapped the -35
promoter motif and was oriented in the "backward" direction. "Class II" promoters activated by
MarA also have marboxes overlapping the -35 motif, but these marboxes are in the forward direction (6) . Presumably the two different marbox orientations result in two types of interactions between MarA, RNA polymerase, and/or DNA, one leading to activation and the other to repression.
In the case of purA, marbox 2 was defined as critical by its affinity for 5 ). In the case of the 14 bp deletion (DelF), the newly created marbox was 1 bp too short, but it had 14 consensus bp. However, mutant template purApF2, lacking the terminal 6 bp of the marbox, was still somewhat repressed (Fig. 5) . That finding suggested that only the first part of this marbox was needed for repression. Transcription using the templates with deletions 16 was considerably reduced, possibly due to destruction of a potential "UP element" (28) comprising bp -41 to -57 in the purA promoter.
For hdeA, even though repression of transcription was seen in vitro, EMSA experiments showed minimal binding of MarA to the hdeA promoter region. Discrepancies between DNA binding as measured by EMSA and by other means have also been observed for other promoters, for example ybjC (29) and inaA (6). We therefore depended upon the transcription assays in vitro to define the particular marbox critical for repression of hdeA. Specifically, upstream marboxes 1, 5, and 6 were not required. Marbox 3, overlapping the -35 promoter motif, was critical for repression, since there was no repression if mutations were placed in all four bp of its RE2 (Fig.   6 ). The role of RE1 of marbox 3 remained unclear since RE1 completely overlapped the -35
hexamer and could not be extensively mutagenized. The last two bp of marbox 3 could be deleted without eliminating repression in vitro (∆MB5), suggesting that, as with purA, an entire 20 bp marbox may not be needed for repression (Fig. 6 ). Of note, RE2 was important for repression of hdeA but not purA.
Two relatives of MarA were reported to directly repress transcription of other promoters, but the marbox involved was not determined. IscR, a newly recognized member of the AraC family of transcriptional regulators and a "distant" MarA relative (20 % identity, 40 % amino acid similarity), was able to function in vitro as a transcriptional repressor of the iscRSUA operon by guest on November 6, 2017
